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THEORYANDDESIGNOFA PNEUMATICTEMPERATUREPROBEANDEXPERIMENTAL

from

RESULTSOBTAINEDINA HIGH-TIMPIIWYKREGASSTREAM

ByFrederickS. SimmonsandGeorgeE. Glawe

SU4MMlY

Thebasictheoryofpneumatictemperatureprobesanddeviations
thisbasictheoryinpracticalapplicationarepresented.Design

requirem~ntsandoperatingconsiderationsarediscussed.Temperatures
between1600°and4000°R weremeasuredwithan experimentalprobein

-I ludrocsrboncombustionexhaustgasesandcomparedwiththosemeasuredly. .
$ thermocouplesanda line-reversalpyrometer.Reasonable

theinstrumentswasobtained.

m
INTRODUCTION

. An accuratetemperaturemeasurementofa gasstream
inglydifficultwithincreasingtemperature,andmostof

agreementamong

becomesincreas- .
thebetterknown

—

.-

me=hodshavesomeshortcomings.Forexample,immersioninstrumentssuch
asthermocouplesorresistancethermometersthatarecapableofwith-
standinghightemperaturesrequirelargecorrectionsoftheindications
toaccountforheat-transferandrecoveryeffects.Opticaltechniques,
suchas sodium-linereversal,usuallymeasurescmemeantemperaturealong
theopticalpathandrequirethepresenceofchemicalsinthegasstream.

A methodwhichappearsto offerseveraladvantagesistheuseofa
pneumatictemperatureprobe.Thisinstrumentconsistsessentiallyoftwo
restrictionsthroughwhicha sampleofthehotgasissuccessivelypassed
andbetweenwhichthegasiscooled.Fromcontinuityofmass,thestream
temperatureisa functionofthepressuremeasuredateachrestriction,
thetemperatureatthedownstreamrestriction,andtheareasanddischarge
coefficientsd therestrictions.Thus,a thermodynamicmeasurementof
gastemperaturecanbe obtainedbeyondtherangeofmostcommonlyused
thermocouplemateriati.

Publications(through1951]onpneumatic-probemethodsofmeasuring
gastemperaturesrelistedinreference1,andlaterworkisdescribedin

n references2 and3. Thisreportreviewssomeoftheconsiderations

*
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enteringintopneumatic-probe
thermocouplepyrometersanda
mrobehereindescribeduseda

NACATN 3893

withdesiguandcomparesa pneumaticprobe
line-reversalpyrometer.Thepneumatic
nozzlefortheupstreamrestrictionanda

;enturitubeforthedownstreamrestriction,withsonicflowthroughboth
restrictions.Measurementsweremadeinthetemperaturerangefrom1600°
to 4000°R, at subsonicstreamMachnumbers,andat staticpressuresof
theorderof 1 atmxphere.Thisworkispart
high-temperature

A schematic

measurementsbeingconducted

TIllK)RY

BasicEquations

oftheresearchprogramin
attheNACALewislaboratory.

diagramofthepneumaticprobe.withpressureandtem-
peraturenotationis showninfigure1. (Symbolsaredefinedin
appendixA.)

Thebasicequationformass-flowrate,whichassumesthata perfect
gasisexpandedisentropicallyandone-dimensionallyinanorifice,is
givenby

I f-2 r+ll

[f/
.—2Aw ‘~ R y- 1

Defininga dischargecoefficient
mass-flowrateto theidealmass-flow
flowratesofthetworestrictionsin

C ss theratiooftheactual
rate.andequatingtheactualmass-
seriesyield,forconstantR:

‘o J=C2&A2 Y0,2-1 o

=+%EJFm
Solvingforthetemperatureaheadof thefrontnozzlegives

‘o= T&&%T

(2)

(3a)

&
1

t
1

n

.
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3

where
d

Applicationofequation(3a)to a pneumatictemperature~obe in
generalinvolvesthemeasurementofthepressurespoJP2>p3jad P4
andthetemperatureT3;calculationofthequantitiesF1 and F3 from
themeasuredpressureswithknowledgeoftheeffectives cific-heat
ratiosT0,2 and T3,4;andknowledgeof theratios 7C2C4 ad ~/A4.

,:*

i
Forthespecialcasewheretheflowthroughbothrestrictionsis

sonic,itcanbe shownthat

.=,3(55)2(.32pp?_JT (3b)

where

If itisassumedthat C2A~C4& isa constantand T0,2=Y3,4,equa-
tion(3b)reducesto

as a

2
To

0
‘o= Constantx T3~ (3C)

Effectsof Heat‘llransferonNozzleDischargeCoefficient

T& quantity(C#2/C4A4)2 inequation(3b)isusuallyconsidered
constant.Inpractice,therearevariationsinthisquantity
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resultingfromchangesinthephysicalareasofthenozzlesandvariation
inthedischargecoefficientswithReynolds-numbersndheattransfer
betweenthegasandthenozzlesurfaces.Itisdifficultto determine
(A2/A4)2 accuratelyby directphysicalmeasurementofthenozzlethroats,
sincethisquantityisproportional.tothefourthpowerofthediemeters.
Eowever,fromequation(3a)itcanbe seenthat

Therefore,thequantity(C2A~C4A4)2~_=be obtainedbya cal.ibr~-
tion,thatis,operationoftheprobeatroomtemperaturewhere To= T3. ‘-–
Thefactor(C~C4)2 canthenbe computedfromknownrelationsbetween
dischargec efficientandReynoldsnumbers”andseparatedfromtheterm

8(C2A2/C4A4). Thisdevelopmentthusyieldsaneffectiveareafactor
(@4) 2 ~~ch inWl?lics’tionwouldbe ~tsredOti w t~-1 ewansion-.
orerosionandperticledeposition.Theeffectofthermalexpansionfor
a hotruncanbe calculatedwithknowledgeofnozzletemperaturesor can
be reducedto a negligiblequantityby propercoolingoftherestrictions.
Theeffectsoferosionorpehicledepositioncanbe accountedforby
periodiccalibrationatroomtemperature.

Thequantity(C2/C4)2tobe appliedtothesolutionof To fora
hotruncanbe treate’dbyusingtheexpressionsuggestedinreference4,
whichshowsthatthedlschsrgecoefficientofa flownozzlejwhenthe
fluidisa gasandthereisheattransferbetweengasandnozzle,is

where t/tn istheratioofgasto nozzle-walltemperature,Z the
lengthof straightthroatsection,1~ theaxiallengthoftherounded
ap~–eachSeC_biO;, qh thenozzle-throatdiameter,a=d

12‘i)tnu 1 -—
f%=

2-$”
n

Thecalculationof C~ involvestheReynoldsnumberoftheupstream
nozzle;thisReynoldsnumberisa functionofthetemperatureofthe
whichisbeingmeasured.An iterativecalculationwould,therefore,

gas
be

.

P

.
—

g

A .

.

—
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necessary,butanadequatevalueof To forthisReynolds2numbercanbe
. obtainedfromequation(3c)usingthevalueof (C.#2/C4A4)obtainedin

a coldcalibration.Thecomputationsarefacilitatedbytheuseof fig-
ure2,whichshowstheReynoldsnumberforcriticalflowthrougha
l/8-inch-diameternozzleasa functionofgastemperatureandpressure,
andfigure“3whichisa plotofequation(4)forthenozzleused
(D=23= Z’j.

EffectiveSpecific-HeatRatio

Equation(1)wasderivedontheassumptionthattheratioof spe-
cificheatsof thegasisa quantityindependentoftheprocessthegas
undergoes.At roomtemperaturethtsistrueforrealgases,butasthe
temperatureis increased,ener~ absorbedbyinternalvibrationofthe
moleculesbecomesincreasinglyimportant.Consequently,thespecific
heatsandtheirratiobecomefunctionsoftemperature.However,the
transfer.ofenerg intothevibrationalmodedoesnotoccurwiththe
samerapidityasthatamongtherotationalandtranslational.modes,the
reasonbeingthatonlycertaintypesof collisions,whichoccurremtive~
infrequently,canexcitea moleculeinvibration.A characteristicor
relaxationtimeforthevibrationalmodeofthegasmaybe definedand
showntobe a functionofthepressure,temperature,andcompositionof
thegas. Thus,shoulda gasundergoa change,forinstance,an expansion,
ina timemuchshorterthanthevibrationalrelaxationti~, theprocess
wouldcorrespondto oneinwhich T retainsa valuecorrespondingto the
absenceof anyvibrationaldegreesoffreedom.Reference5 is concerned
withthiseffectinflowprocessesinvolvinghydrocarbonproducts.

Threeothereffectsfurthercomplicatetheproblemofthenozzle
flowprocessesoccurringina pneumaticprobe:

(1)Z?thepneumaticprobeisimmersedina high-velocitygas
stream,a compressionandanexpansion,notnecessarilyoflikeduration,
occurattheupstreamnozzle.

(2)Ifthegasstreamisof sufficientlyhightemperaturethatdis-
sociationisappreciable,thecoolingofthegaswithintheprobewould
involveanuncertaindegreeofrecombinationwithresultantuncertainty
inthespecific-heatratioandthegasconstant.

(3]Mostgasesof interestaremixtures;a neteffectwouldinvolve
combinationsandinteractionsoftheprecedingeffectsaqmngthe
components.

An approximationforthecasewherethecompressionaheadofthe
upstreamnozzleoccursina timeofthesameorderastherelaxation
timeforthehydrocarbongasesispresentedinappendixB. A relation
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isestablishedwhereinaneffectiver0,2 isrelatedto equilibrium
high-temperatureTo)equilibriumlow-temperatureT3 ~,andfree-streamJ
Machnumber.

PROBEDEEK!RIFTIONANDDESIGNCONSIDERATIONS

ProbeDescription

A photographof theexperimentalprobeis showninfigure4; details
ofthefirst-nozzleassembly,whichhada l/8-inch-diameterthroat,are
showninfigure5. Thesecondnozzlewasgeometricallysimilarwiththe
exceptionof a diffusersection,whichineffectmadeita venturitube.
Bothnozzleswereconstructedfroma chrome-copperalloy.Theprobewas
designedfortestingatgas-streamtotalpressuresoftheorderof1
atmosphereto utilizethelarge-capacitylaboratoryexhaustsystem(ap-
proximatepressure,10 in.Hgabs)forpumping.A diemeterratio
~h,2/Dth,4ofunitywaschosentoensuresonicflowinbothnozzlesat
theanticipatedrangeofhigh-temperatureoperation.Thethermocouple
formeasuringgastemperatureT3 wascbrmnel-alumel,0.010inchindisJu-
eter,andhadan immersionlengthof50 diameters. .

DesignConsiderations .

Choiceofrestrictionshape.- Therestrictionconfigurationsof
theprobedescribedwerechosenbecause: —

(1)SOmepreliminaryexperimentsine-st gasstreamscontaining
a relativelylargeamountofunburnedsolidparticleshadshownthat
throatareaanddischargecoefficientwerechangedlessby erosionandby
dirtdepositioninthecaseofflownozzlesthaninthecaseof sharp-
edgedorifices.

(2)Itwasfeltthatconstancyofthroatsxeacouldbestbe main-
tainediftherestrictionwerecooledandthatthiscoolingcouldbe
effectedmoreeasilyfora thin-wallednozzlethanfora shsrp-edged
orifice.

(3)At constantReynoldsnumber,thedischargecoefficientofthe
nozzleremainsconstantwithpressureratioin supercriticalflow(ref.
6),whereasthatofthesharp-edgedorificedoesnot.

(4)Rressurelossatthedownstreamrestrictionwasleastforthe
venturi-typedesign;thus,severityofpumpingrequtiementswasminimized. -

.
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Thedisadvantagesof thenozzle

7

are:
.

(1)Theeffectofheattransferfromthegastothecooledsurface. .
ofthenozzleisgreaterthanthatforthesharp-edgedorifice.This
heattransferaffectstheboundary-ls#erflowandhencethedischsrge
coefficient.

(2)Mechanicalconstructionof a nozzleismoreclifficultthanthat
of a shsrp-edgedorifice.

(3)Forthroatdiametersintherangeof0.04to 0.1inch,thevar-
iationofdischargecoefficientwithReynoldsnumberat constantpressure
ratiois greaterfora nozzlethanit isfora sharp-edgedorifice.

Theadvantagesitemizedforthenozzlewereconsideredto outweigh
thedisadvantages,sinceanap~mcimatetheorywasavailableto correct
fortheeffectofheattransferon thedischargecoefficient(ref.4).

Thesizeof thethroatdiameterchosenwasbasedupona compromise
betweenpumpingrequirementsandtheadvantageofa largethroatareain

. achievinghighReynoldsnumbersandminimizingeffectsofdirtdeposition.

Pumpingrequirements.- Pmnpingrequirementsmsybe estimatedby
usingequation(3a)andassumingC2/C4=F~F3 = 1 andby choosinga
convenienttemperatureT3. Thisteqeraxre is
be wellabovethedewpointandlowenoughtobe

Thenequation(3a)becomes

Assumingsonicflow
betweenstations2 and3

in thefirstnozzleand
gives

sothattherequireddiameterratiois spectiied

chosenhighenoughto
measuredaccurately.

(5)

slightpressureloss

(6)

by theinequality

(7)

Assumingsonicflowinthesecondnozzleand60-percentrecoveryof
* thevelocityheadinthediffuser,theapproximatepressureratioat the

secondnozzleis



Therefore,

P5=08
‘3 “
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(8)

E sonicflowexistsalsointhefirstnozzle,equations(6)and(9)
yield

(9)

(10)

Thisinequalityestablishesthepumpingpressurethatmustbe maintained
atthedownstreamendoftheprobeto achievesonicflowinbothnozzles
athigh-temperatureoperation.Avai@bilityof adequatepumpingfacili-
tiestomaintainthisover-allpressureratiowouldeliminatetheneces-
sityofmeasuringstaticpressuresp2 and p4,whichneedbe knownonly
ifsonicflowdoesnotexistinbothnozzles.Frome uation(7)itcan
be seenthatwhen To= T3 7thediameterratioDth,2Dth,4m~t be eq~l
to or lessthan0.7forsonicflowto existinboth-nozzles.However,
forthiscasethepumpingrequirementswouldbe moresevereathigh-
temperatureoperation.Fora diameterratioofunity,subsonicflowwil.1
existinthefirstnozzlefora calibrationat To= T3,butSOtiCflow
inbothnozzlesathigh-temperatureoyrationcanthenbe attainedtith
lessseverepumpingcapacity.

coolingrequirements.- Conventionalheat-transferformulasare
adequateforprobecoolingcalculations.By arbitrarilyselectingsome
fixeddimensionsandfromknowledgeofanticipatedoperatingconditions,
thedependentquantitiessuchas coolantflowrateandpressuredropcan
be found.A detailedprocedureforcalculationispresentedinappendix
c.

PressureandTemperatureMeasurements

Theuseofthepneumaticprobeinvolves;inthemostgeneralcase,
themeasurementoffourpressures,onegastemperate,andt~ nozzle
walltemperatures.

ThetotalpressureP. ofthegasstreammaybe measuredby anyof
threeapproaches:A sepsxatetotal-~ssurewobe canbeusedjtheflow
intheprobecanbe stopped,andthe P3 gageusedtomakethemeasure-
ment;or a pressuretapcanbe providedonthefaceoftheupstream
nozzle(Pl).Inthislastmethod,howeve$,thetotalpressurePI so

.

.

—
—

—

.-

.=.

.-
—

—

.
-r

.
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measuredwasnotfullyequalto PO,andvariedprimarilywith
. sothata pressurecalibrationrelatingP1/Po toMachnumber

9

Machnumber,
M was

CJ
o
b-l

required(fig.6). Themeasurementof PO witha separateprobe,when-
everpossible,appearstobe themostadvantageousmethod.Measurement
by the PI tapnotonlyhasthedefectpreviouslynoted,butalsosuffers
fromthefactthatsmalltubingmustbe usedwhichpenalizestheresponse
time. Themethodof stoppingtheflowintheWobe hasthedisadvantage
thata P3 gagewouldhavetobe usedwWch hasa greaterrangethan
wouldbe necessaryforthemeasurementof P3 underflowconditions.
Also,thepossibilityof internalcondensationwouldpresenttheproblem
oftimenecesserytoreestablishcontinuityofmasswhenthepumpingis
resumed.

Staticpressuresp2 and P4 needbe measuredonlyifthereisany
uncertaintythatsonicflowexistsinbothnozzles.Measurementsmade
withthe p and p4 tapsonthepresentprobeconf&medthatequations
(7)and(lOfwerereasonableapproximationsandsonicflowexistedat
bothrestrictions.

ThemeasurementoftotalpressureP3 upstresmofthesecondnozzle
. canbe obtainedwitha walltapiftheductmea upstreamofthesecond

y nozzleis sufficientlylsrgeto substantiallyconstitutea stagnation
g- region.

Theregionupstreamof thesecondnozzleisthenalsoa convenient
locationformeasurementoftotaltemperatureT3 by meansof a thermo-
couple.Thistemperatureshouldalsobe sufficientlylowsothatthe
radiationandconductionerrorsofthethermocouplesxenegligible.

Knowledgeofthenozzlewalltemperaturewasnecesssryforthecom-
putationof dischargecoefficientundertheconditionofheattransfer
(ref.4). Experimentswithsomepreliminaryprobedesignshadshown
that,wtththecoolingarrangementshowninfigure5,thenozzlewall
temperaturedidnotgreatlyexceedthewatertemp-ature.*rice,direct
measurementofnozzlewalltempaatureby

APPARMKJS

High-Temperature

th=mocoupleswasnotnecessary.

Tunnel

Thetestswereperformedinthehigh-tem~raturewater-cooledtunnel
describedinreference7. Thisfacilityiscapsbleof continuousopera-
tionattemperaturesfrom14~0 to 37000R,Machnumbersfrom0.2to.
1.0,andpressuresfrom1/2to 2 atmospheres.Usingoxygen,operation
forshortperiodsto a temperatureof4000°R ispossiblewithinre-

. strictedrangesofveloci~andpressure.Thefuelthroughoutthese
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testswas60-ochnegasolene.Totalpressurewasmeasuredtitha water-
cooledprobeupstreamofthe4-inchnozzle,andstaticpressureby a meas-
urementofreceiverpressure.

.

ComparisonInstruments

An aspiratedChromel-alumelthermocoupleprobewasusedforcompari-
sonfrom16000to 25000R. Reference8 showsdataindicatingthisprobe
tobe sensiblyfreefromradiationandconductionerrorsintherangeof
conditionsencounteredinthesetests.

Twobare-wire,butt-welded,platinum-13-percent-rhodium- platinum
therr.mcoupleswithwater-cooledsupportswerealsousedforcomparison.
Oneplatinumthermocouplewasa 0.020-inch-diameterwirewithan imnersion
lengthof 50 diameters,andtheotherplatinumthermocouplewasa 0.032-
inch-diameterwiretithan immersionlengthof 28diameters.Thejunc-
tionsofthesethermocoupleswerebutt-weldedandthenswagedtoreduce
thewelding%ead”towirediametersothattheconfigurationrepresented
a cylinderincrossflowwithuniformdiameter.Thesodium-line-reversal
instrumentwasessentiallya self-balancingadaptationofthestandard
instrumentandj.s described in detailinreferenCe9.

$0

TESTSANDRESULTS
.

CalibrationTests

TheCalibration coefficient(c##~#4)2 - ‘~rimnta~ Ob-
tainedusingroom-temperatureair,attotalpressuresfrom20to 50
inchesofmercuryabsolute,andatMachnunibersfromO to1.0.Thevalue
obtainedwasconstanttowithintheexperimentalaccuracy.Themean
valueof (A2/A4)2wasfoundtobe 0.842.The.nozzle-throatdiameters
werespecifiedasbeingequal,sotheoreticallythisfactorshouldbe
unity.Thecalibrationtherefmeindicatesthattheactualnozzlediam-
eterswereapproximatelywithin2 percentof specifieddiameterassuming
oneoversizeandtheotherundersize.Theseresultsindicatetheimpor-
tanceofa calibration,sinceanerrorof abut 16percentin ~ would
resultfromassuming(A2/A4)2tobe unity.

High-TemperatureTestsq.ndResults

Theexperimentalpneumaticprobewastestedfrom1600°to 4000°R
at a streamtotalpressureof1 atmosphereandatMachnumbersofthe
orderof0.5inoverlappingrangesofthecomparisoninstrumentsprevi-
ouslydescribed.
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To eliminateeffectsof gradientsintemperatureandpressure,the
. comparisonbetweenprobeswasmadeby movingeachprobe,inturn,to the

sanelocationinthegasstreamwithtunnelconditionsheldconstant.

Fortheline-reversalmeasurement,sodiumbicarbonatepowderwas
injectedintothegasstreamthrougha water-cooledprobeupstreamof the
testregion.Thismethodof inJectionprovideda localstreamof sodium
vaporinthetestsectionsothata localizedtemperaturewasobtained.
DuringinJectionofthecompund,theotherinstrumentswereretracted
to avoidpsrticledeposition.

Duringthetests,thetemperatureaheadofthesecondnozzleT3
wasoftheorderof 700°R. Thepneumatic-probetemperatureswerecal-

.

.

culatedby equation(3b)withthefollowing

(1)Theeffectivespecific-heatratio
themethodpresentedinappendixB.

(21Theeffectofheattransferon the

assumptions:

To,2 canbe calculatedby

nozzledischargecoefficients. .
canbe calculatedby equation(4)wtthnozzlewalltemperaturetakenas

~ themeancooling-watertemperature.

s Theradiation,conduction,andrecoverycorrectionsoftheplatinumml theruncoupleprobeswerecalculatedby usingmethodsandvaluesgivenin$ references7 and10. Themsximumtotslcorrectionforthe0.020-inch-
diameterplatinumthermocouplewas270°F, andthemaximumtotalcorrec-
tionforthe0.032-inch-diameterplatinumthermocouplewas360°F. ‘I&
resultsofthesecomparisonsareplottedinfigure7(a).At 3700°R the
agreementwithcomp=isoninstrumentswasoftheorderofA2 percent.

Thesedataforthepneumatiprobewerealsocomputedbyusingthe
calibrationvalueof (C#2/C4A4)5 inequation(3b),inorderto show
theresultofneglectingtheheat-transferandReynoldsnumbereffecton
thecoefficientof dischar

r
of thenozzles.‘I&resultsofthiscom-

putationareinfigure7(b, andtheyshowa systematicerror.

IntestsmadeatMachnumbersfrom0.3to 1.0at a streamtotal.
temperatureof 246@ R thecomparisoninstrumentwastheaspiratedchromel-
alumelthermocouple.Theresultsof thesetestssmeshowninfigure8.
Thesquaresrepresenttemperaturescalculatedusing T0,2= T1,2= T3,4
andshowa markeddependenceon streamMachnuniber.Fromthisresult
equation(B3)wasdeduced.Temperaturescalculatedusingequations(B5)
and(B6)areindicatedinthesamefigureby thecircles.It isnoted
thatthecorrectionsbringthepneumatic-probedatato withinabout1
percentofthecomparisoninst~nt. A ssmplecalcubtionisgivenin
appendixE.
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Thegasstreamwassuf~icientlycleanthatsystematicchangesin
thecoefficient(C#2/C4A4) asdeterminedby calibrationswithroom- .
temperatureairbeforeandaftereachseriesoftestswerelessthan1
percent.Theaveragedurationofexposurewasabout1 hour.

DISCUSSION

Inviewofthelackofa meansofaccuratelyestablishingthetrue
gastemperatureinthesetests,theabsolute.accuracy,assuch,ofthe
pneumaticprobecannotbe stated.However,theagreementamongthe
methods,as showninfigure7(a),isfairlysatisfactuyfrom1600°to
3800°R.

Above3800°R thepneumaticprobeindicatesconsiderablyhigher
temperaturesthanthoseofthesodium-D-line-reversalinstrument.A
possiblecauseisthefactthatthesedataweretakenusingoxygenin
additiontoairinthecombustion.

—=
Thepneumatic-probetemperatureswere

calculatedusingthesameassumptionsasforhydrocarbon-aircombustion.
Notonlyaretheseassumptionsquestionable,butatthesetemperatures
theeffectsofdissociatedwatervaporandcarbondioxidein theproducts
becomeapparent.A detailedanalysisofthesefactorswasconsideredto

.

bebeyondthescopeof thepresentwork.F@thermore,frmntheexperi-
mentalprocedure,itisfeltthaterrorsexistintheD-linemeasurements .
atthesehighertemperaturessuchasthosedueto sodiumcontamination
(ref.9). Theexperimentalprocedureinvolvedtheadditionofoxygento
a veryrichfuel-airmixturewhileobservingtheindicationof a platinum
thermocouplelocatedinthecoolerouterboundaryofthejet. Whilethe
thermocoupleindicationandthepneumatic-probetemperatureincreased
uniformlywithincreasingamountof oxygen,theD-linetemperatureshowed
littleorno increase.

Thedatashowninfigure8 indicatethaterrorsoftheorderof 5
percentmayresultfromnotconsideringthecompressionaheadoftheup-

—

streamnozzlewhentheprobeis immersedina gasstreamofMachnumber
nearunity.Theempiricalrelationsrepresentedbyequations(B3)and
(B6)wereselectedfromthesedata,whichwereobtainedata fairly
accuratelymeasurablegastemperatureof 2460°R.

Theuseofequations(4)and(B6)whichtakeintoaccountheattrans-
ferandeffectsofflowvariations,respectively,inthenozzlesmaybe
consideredas correctionstothebasicequation‘(3c)ofthepneumatic
probe.Becausethecorrectionsare,atmost,a fewpercentinmagnitude,
thevalidityofequations(4)and(B6)isnotclearlyshownbytheex- .
perimental.results,particularlyintheinstanceswherethecorrections .
tendto counteractoneanother,suchbeingthecaseinthesamplecsLcu-
IRtion.Ontheotherhand,sincethecmectionsaresmall,theuseof

—
.
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crudeassumptionsinthederivationoftheequationsisJustifiedin
. thatlargeerrorsmaybe presentinthecorrectionswithoutiritrqducing

significanterrorsinthetemperaturemeasurements.

AppendtiD showsordersofmagnitudeof thevariouspossibleerrors
mentionedthroughoutthetext.

CONCLUDINGREMARKS

An experimentalprobebasedonthedesigncriteriahereinreported
wasoperatedto4~0 R andcomparedwithothertypesofpyrometers.
Reasonableagreementamongtheinstrumentswasobtained.Thefollowing
recommendationsbasedon thisinvestigationaremade:

1.Flownozzlesshould%e choseninpreferencetothin-plateorifices.

2.Temperatureaheadofthedownstreamnozzleshouldbe lowenough
tobe accuratelymeasured,butabovethedewpointofthegasatthe
pressureaheadofthedowmtreamnozzle.

.
3. Sonicvelocityshouldbe maintainedinbathnozzleswhenthe

probeisusedto obtainfree-streamtotaltem~ature. A nozzlediemeter
. ratioofunitycanbe usedto decreasepumpingrequirements,inwhich

casetheroom-temperaturecalibrationmustacceptsubsonicflowinthe
firstnozzle.

4.lRree-streamtotalpressureshouldhemeasuredwitha separate
total-pressureprobeM possible.

LewisFlightWopulsionLabQratOry
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio,October12,1956
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A

c

Cp

‘w

D

F

F*(Y)

f

g

k

L

2

Zt

M

P

P

q

SYMBOLS

Thefollowingsy?ibolsareusedinthisreport:

cross-sectionalqxeaofnozzlethroat

dischargecoefficient

specificheatofgasat constantpressure

specificheatofwater

diameter

+1+-J() 2 y-ll-+1
2

function

accelerationduetogravity

thermalconductivity

probelength

lengthof straightsectionofnozzle

axiallengthofapproachsectionofnozzle

Machnunber

totalpressure

staticpressure

heat-transferrate

. “g

&

.

.

.

.
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R

Re

T

t

w

w

x

Y

r

P

P

T

specificgasconstant

Reynoldsnu.nber

totaltemperature

statictemperature

fractionofwatervaporingas

idealmass-flowrate

wallthickness

radialdepth

specific-heatratio

densityofgas

viscosityofgas

relaxationtimeofgas
.

Subscripts:

.

.

e

g

i

n

r

s

th

w

o

1

2

external

gas

internal

wallat nozzlethroat

reference

sonic

throat

coolingwater

freestream

immediatelyaheadofupstreamnozzle

throatofupstreamnozzle
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3 aheadofdownstreamnozzle

4 throatofdownstreamnozzle

5 behinddownstreamnozzle

NACATN3893
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the
the

The

EffectIve

ESTIMATIONOF

valuesofthe

EFFECTIVES133CIFIC-HEATRMIZO

specific-heatratiofortheflowprocessat
upstreamnozzlemaybe definedby thefollowingequationswhichassume
velocityat station(1)tobe zeroandtheflowtobe one-dimensional:

temperatureratiofortheentireprocessis

(Bla)

describedby

(BSb)

wheretheeffectivespecific-heatratiooftheentireprocessY0,2 is
obtainedby simultaneoussolutionof equations(Bl)

rI-12-1 4)( ro-~
1+ ‘2 1+~ %)

ro,2=l+~
@

(
Tel-l

-1
1+ ‘2 4)

which,for ~ = 1 canbe approximatedby

Forsonicflowinthefirstnozzle(~ = 1),

ro,z= T1,2- (TOJ - ?-0)*

(B2)

(B3).
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Equation(B3)hassignificanceonlyforthecasewheretheexpansion
throughthenozzleoccursrapidlycomparedwiththerelaxationtimeof
thegas,inwhichcase yl,2= T3,4,and YO,l maYrangefrom YO to

.

Y1,2,dependi~OQthestreammchntier ~ andtheprobegeometry.

Forhydrocarboncombustiongaseswherenitrogenisthemaincon-
stituent,reference11showstherelaxationtimetobe

T oc/@/(pw) (B4a) mg

or o

(B4b)

wherethesubscriptr indicatessomereferenceconditions.Reference
11givesdatashowing‘r= 2.3x10-4secondfor t = 1034°R, p = 1
atmosphere,and W = 0.02 fora nitrogen:.water-vapormixture,sothat

-7fl/(P@~ m 1.4X1O (B4c) .

where p is inatmospheres.
.

Ifthevelocitychangesinthecompressionandexpansionoccurring
attheupstreamnozzleareassumedtobe linearwithandto occurwithin
distancesoftheorderoftheprobediameterDe,theorderofmagnitude
ofgasvelocityatwhichrelaxationeffectsbecomesignificantis 2De/T.
Fora probediameter”of112inch,thisisroughlyequivalentto stream
Mch numbersof0.2and0.4fortemperaturesof1000°and4000°R anda
pressureof 1 atmosphereforhytiocarboncombustionproducts.Thus,for
thisprobesizewith M2= 1,T1,2 maybe takenastheroom-temperature
specific-heatratiofortheparticulargasmixture;it isa functionof
thecompositionofthegases,which,of course,varieswiththetempera-
tureattainedinthecombustion.Thespecific-heatratio To,l isa
functionoftheequilibriumspecific-heatratioTo,whichvarieswith
temperaturesmdcomposition,andofthestreamWch nuniber~.

Onthebasisoftestresultsata constanttemperaturewitha varia-
tioninkch nuniber(fig.8),thefollowingempiricalreiationfor TO,l
wasestablished:

To,1 ‘T()+ (T3,4- To)g (B5} ‘

.
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Substitutionofthisrelation
evaluationfor y0,2 intermsOf

19

in equation(B3)yieldsthefollowing
To)T3,4~and Mo:

Tojz- Y3,4- (r3,4- To)* (B6)

Applicationof equation(B6)inconjunctionwithequation(3)may
be facilitatedby useofgraphssuchas frees 9,10,=d 11}where To
and y3,4 sregivenas functionsofgastemperatwejT0,2 as a function

[12
sof y. and ~, and
%Fs7-3,4

asa functionof T0,2 and y3,4.

Againan estimationofthetemperatureofthegasstreamshouldbe
adequate.
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q= = fiDeLehe(To- ~,av)

NACATN 3893

APPENDIXc

COOLINGREQUIREMENTS

Thewater-coolingrequirementsfortheprobecanbe estimatedfrom
fourheat-transfer-raterelationsandonepressure-lossrelation.
Nomenclatureusedisillustratedinfigure.12.

(1)Therateofheattransferfromthegasstreamto theoutershell
oftheprobe qe canbe obtainedfroma specificationofprobediameter
De, exposedlengthLe,gaspressure,temperature,andvelocity,and
outer-shelltemperatureTe. Forthiscomputation,gastemperaturemay
be takenas To andouter-shelltemperat~easaveragecooling-water
temperatureTw,av.Itisspecifiedthatthecooling-watertemperature
alwaysbe wellbelowtheboilingpoint,say160°F. Then

where he maybe obtainedfrom

(ref.12,p.

(2)The
shellOYthe

b

heDe
=

‘g

222).

0.24(ReDe)0”6

rateofheattransferfrom
probe qi canbe obtained

(cl)

(C2)

theaspiratedgasto theinner
fromthespecificationthat

!l~= Cp,g(T.- T3)Wg (C3)

TMS ratecanbe relatedtotheexposedinternallengthLi,internal
diameterDi,Reynoldsnwber ReDi,andinner-shelltemperatureTi by

qi= Cp,g(T.- T3)wg

‘hi’DiLi* ‘C4’

where ‘i maybe obtainedfrom

hiDi
—= &02(ReDi)0”8
‘g

(C5)

(ref.)-2,p. 170).Forthiscomputation,Ti mayalsobe takenas equal
‘0 %,av”

.

.

.—

~

.—

-!

.

.

.

—
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Inequations(C2)and(C5),thegasviscosityandthermalconductivity
maybe evaluatedat anyconvenientfixedgastemperaturesuchas
(To+T3)/2,
pwer ofthe

(3)The
and qi and

sincetheheat-transfercoefficientvariesonlyas the0.2
gastemperature.

totalrateofheattransferto thewateristhesumof qe
producesa temperaturerise ~.

Foran assumedinlet
watertemperatureof

(4)Thepressure
ratewillbe computed

1

qe+qi=wwc.#Tv (C6)

mitertemperatureof 60°F anda specifiedmaximum
160°F,

ATw= 100°F

differenceneededto producetherequiredwaterflow
underthe=hitraryshnplifyingassumptionsthata

linearpressuredropexistsinthecoolingmUIUS, thatWessme 10SSat
the180°reversal.offlowdirectionat theprobetipcanbe neglected,
tindthattheannulusmaybe consideredashavinga meandiameter
Dav= (De+ Di)~~,a le@h 2Li,anda radialdepthof y = 1/2

[(De- Di]/2- 3x],where x is
concentrictubesshowninfigure

Apw=

theavffagewallthicknessof thethree
12. Thentheapplicableequationiss

24~&i
WV (C7)

‘iPwY3Dav

(ref.12,p. 124).

If De,Le,Li,X, ‘O)‘3J%,av~ATW and Wg arechoseninad-
vance,thenequations(Cl)and(C3)give ~ and qi dfiectlyforuse
in equations(C6),equations(C4)and(C5)yieldtherequiredDi,equation
(C6)yieldstherequiredWw,andequation(C7)yieldstheapproximate
Apw.

ThiscooMngmustbe accomplishedwithinthefollowingImitations:

(1)Waterpressureavailable

(2)Heat-transferrateobtainablebetweenthewaterandtheouter
andinnerprobewalls

. .

(3)Heat-transferrateobtainablebetweentheinnerprobewall.and
theaspiratedgas



22 NACATN3893

(4)Iocalwater-passagetemperatureslowenoughnottoallowforma-
tionof steampockets

Intheeventthatsomeoftherequirementsasoutlinedarenotcompatible
witha probedesignandapplication,a measuredtemperatureT3 maybe
inconsistentwiththerecommendationthatitbe atanaccuratelymeasura-
bletemperatureandabovethedewpoint.b thiseventa heatexchanger
canbe placedupstreamof station3 tobring T3 withina properrange.

.

●

.

●

“
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APPENDIXD

ORDERSOFMAGNITUDECE’POSSIBLEERRORS

I&fectofHeatTransferandVariationofReynolds

M.niberUsingFlowNozzles

InthesamplecalculationgiveninappendixE, it is seenthatneglect
oftheeffectofheattransferandthevsriationofReynoldsnumberbe-
tweencalibrationwithroom-temperatureairandapplicationathightem-

.
peraturewouldhaveresultedinanerrorof -~ percent.Inthepresent
testswithhydrocarbongasesfrom15000to 40000R, suchpotentialerrors
werelessthan4 percentandgreaterthan2 percent.Inthesamplecal-
culation,hadtheReynoldsnumbervariationonlybeenconsidered~from
figure3, it canbe seenthatanerrorof +5percentwouldhaveresulted.
Theseconclusions,ofcourse,assumethevalidityofequation(4).

UncertaintyinIHfective@ecific-HeatRatio

Fromfigure11itcanbe seenthattheerrorintemperaturemeasure-
mentwhena valueof 1.4isassumedfortheeffectivespecific-heatratio
To,z rangesfrom2.6to 7.8percentforactualvaluesof yo,2 from
1.35to 1.25.Theactualvaluesof y0,2,as discussedpreviously,depend
ina complexmanneronthegasproperties,composition,andvelocity,and
onnozzlegeometryandmethodoftotal-pressuremeasurement.

Inthepresenttests,theWgest errordueto neglectoftheeffect
of streamvelocityshown
obtainedat M = 1,To -
elude,however,thatfor
pressureof theorderof
negligibleerrorsresult

infigure8 wouldbe4.4percent,thedatum
2460°R. Itwouldnotbe unreasonableto con-
hydrocarbon-aircodmstiongasstreamsoftotal
1 atnmsphereandMachm.miberlessthan0.5,
fromtheass~tion that y

.
0,2= T3,4*

UncertaintiesinInternalTemperatureandPressureMeasurements

As shownby egyation(3),errorsinthemeasmementof T3 are
directlyreflectedinthecalculationof

‘o” Sucherrorsarerelated
. to thetemperature,pressure,andgasvelocityat station3 andtothe

diameterandimmersionlengthofthethermocoupleatthatstation.With
reasonableattentionto thedesignoftheprobe‘andthethermocouple,. sucherrorsmaybe showntobe negligible(refs.10and13).

.



24

Errorsinthemeasurementsofpressures‘o and P3
siderednegligible,andifpumpingfacilitiesereadequate
sonicflowinbothnozzlesforhigh-temperatureoperation,

NACATN 3893
.

maybe con-
toproduce ●

it isnot
n=e==v tomeas~e PZ and P4. However,incalibrationatroomtem-
perature,a probeofunitynozzle-diameterratiowillhavesubsonicflow
inthefrontnozzle; therefore,staticpressurep2 mustbe accurately
known.Hence,it is importantthatthestatictapbe properlylocated,
freeofburrs,andsoforth.A l/4-percenterrorin P2 willreflect L-
as a l/2-percenterrorin To. ‘“--E

SamplingErrorsinF@ctu8.tingFlow

Reference14
fora rectangular
from

where Tind and

showsthaterrorsinthemeantemperaturemeasurement
wave-fomnfluctuatingtemperaturemaybe calculated

‘act aretheindicated-andactual
1A and ~ arethefractionalperiodsat_whichthe
tures TA and TB.

.

temperatures,and —
gasisattempera-

An exampleisgiven:For T~TA = 4 and 2~ZA = 2,Tind would
be 12.5percenthigherthan Tact. Althoughthisexampleisanextreme
case,itisapparentthatsucherrorsinfluctuatingflowmeasurements
maybe considerablyhigherthanerrors=isingfromthevariousother .—
causes. —.

.

.
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APPENDIXE

SAMPIEcALCUIATIONFOREXPERIMENTALPROBE

ProbeCalibration

Forprobecalibrationatroom

atRoomTemperature

temperaturethefollowingmeasured
quantitiesandnozzlepressureratiosaresyecified:

PI)PO}PO>in.Hgabs ...*..... . . . . . . . . . . .
p2,in.Hgabs . . . . . . . . . . . . . . . . . . . . . . . .
P~,in.Hg&ibs . . . . . . . . . . . . . . . . . . . . . . . .
p4,in.Hgabs . . . . . . . . . . . . . . . . . . . . . . . .
TO,TAR. . . . . . . . . . . . . . . . . . . . . . . . . .

P#o” ● ● “ “ “ ““ ““ “ “ “ “ “ “ “ “ “ “ “ “ “ “ “ “ “ ““
pJP3. . . . . . . ● . ● . . . . . . . . . ● . . . . . . . . .

Hence,flowissubsonicinthe
streamnozzle.Usingequation
gives

()+2
q=

upstreamnozzle
(3a)with F1 =

andsonicinthe
0.442and F3 =

()P3F32~ TO=T3
= 0.842

. 29.12

. 21.02

. 24.40

. 12.23

. . 540

. 0.722

. 0.501

down-
0.484

where

(4)C2 2
F =1

To=T3

sinceRe2= Re4

Calculationof TO forHigh-TemperatureOperation

witliSonicFlowinBothNozzles

Inthecalculationof To forhigh-temperatureoperationwith
sonicflowinbothnozzlesthefollowingprimarymeasuredquantities
sregiven:
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in.Hgabs . . . . . . . . .
in.Hgabs . . . . . . . . .
% . . . . . . . ...*..

secondarymeasuredquantities

in.Hgabs . . . . . . . . .

‘2,n~ ‘4,n)OR . . . . . . .

.*..* . . . . . . . . . . . 34.93

. ..0.. . . . . . . .0.0 16.23

. ..*.. .*.*.. . . . . . 642

are

. . . . ... . . . . ● .,.* . 20.33
● *..* .. . . . . . . . . . . R 520

Substitutionofthegivenvaluesintoeq~tion(3c)yields:

()Po 2 ()

2
To = constantX T3 ~ = (0.842)(642)- “ 2500°R

CorrectionforvariationindischargecoefficientwithReynolds
numberandheattransfer.-Fromfigure2,Re%h,2 = 7.6xI03and

‘e~h,4
= 1.8x104.Fromfigure9,y. = 1.286and T3,4= 1.374.The

gas-to nozzle-temperatureratiois

tz To 1—m

( 4
— =4.2

‘2,n ~ + ‘0-1 ‘2,n
T

Fromfigure3,C2= 0.966 and C4= 0.955.Therefore,

(210/ (-7”‘90220
Correctionforeffectivespecific-heatratioy. z. -Free-stream

20.33
pressureratiois p~Po = ~= 0.582.Therefore,~ = 0.95.From

.

●

figure10,yo)2= 1.30U;fromfigure9,y3,4= 1.3i’4j fromfigure11,

[1Fa(To2)2F-=0.961.
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CorrectedTo (eq.(3b)).-
.

1.

2.

3.

5.

6.

7.

8.

9.

27

%= ~fy %&-)q(iYrwT
TO = (2500)(1.022)(0.961)= 24600R
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Figure2. - Reynoldsnumberperinchofmercurytotal
pressureasfunctionoftotaltemperatureforcritical
flowinl/8-inch-diameternozzle.Viscosityevaluated
attotaltemperature;ratioof specificheats y, 1.35.
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Figure6. - Ratioof streamtotalpressureto indicated
totalpressure.Dataobtainedatpressuresfrom25 to35
inchesofmercuryabsoluteandtemperaturesfrom2400°to
3900°R.
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peraturesas functionof streamMachnuuiber.Gas
temperature,2460°R.
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Figure 9. - Equilibriumand correspondinglow-temperaturespecific-
heat ratios for high-temperaturewater-cooledtunnel. Iow-
temperaturespecific-heatratios calculatedat 700° R.
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F@ure 10. - E&fective specific-heat ratio as function of equi-
librium specific-heatratio and stream bkch number.
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